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The LiBH4+MgH2 system has great potential for hydrogen vehicle applications. In this study, the
reported solid-state hydrogenation system made of LiH+1 /2MgB2 has been investigated using
ultrahigh field nuclear magnetic resonance spectroscopy. It is found that Mg–Li ion exchange occurs
within MgB2 during ball milling to form a compound of Mg1−xLi2xB2, which facilitates the
formation of LiBH4 in the subsequent hydriding reaction. This discovery offers a scientific
foundation for investigating the detailed mechanisms of solid-state hydrogenation and
dehydrogenation of the LiBH4+MgH2 system in the future. © 2009 American Institute of Physics.
DOI: 10.1063/1.3110966
One of the key components for the development of fuel-
cell-powered vehicles is the high-performance on-board hy-
drogen storage materials that can store hydrogen with high
gravimetric and volumetric densities.1 Currently, lithium
borohydride LiBH4 has been studied extensively because it
is one of the materials that have the highest gravimetric hy-
drogen density 18.5 wt % H2 known today.1–3 However,
bulk LiBH4 can only be dehydrogenated and rehydrogenated
above its melting temperature 280 °C because of its high
chemical stability.3,4 To reduce the dehydrogenation tempera-
ture of LiBH4, a variety of approaches have been
investigated.4–28 One approach is to stabilize the dehydroge-




2MgH2 = LiH +
1
2MgB2 + 2H2. 1
Recently, it has been demonstrated by Wan et al.29 that
by combining reaction 1 with nanoengineering and me-
chanical activation, the hydrogenation and dehydrogenation
temperatures of the LiBH4+MgH2 system can be reduced to
265 °C. The dramatic improvements in both the hydrogen
uptake and release kinetics of the LiBH4+MgH2 system have
been attributed to nanoengineering and mechanical activa-
tion attained through high-energy ball milling. However,
little is known about the structural changes, in particular, the
possible molecular interaction between LiH and MgB2 dur-
ing long-time ball milling, which is critical for understanding
the hydriding and dehydriding performance and further im-
provements in the future endeavor.
Nuclear magnetic resonance NMR spectroscopy, a
quantitative, nondestructive element-specific probe of local
structures, is an ideal tool for structural investigations.30,31 In
this study, a multinuclear 6Li I=1, 11B I=3 /2, and 25Mg
I=5 /2 magic angle spinning MAS NMR investigation of
the ball-milling mechanism on the LiH+MgB2 system is car-
ried out at ultrahigh magnetic field of 21.1 T to reveal the
phase change during long-time ball milling. The correspond-
ing Lamor frequencies for 1H, 11B, 6Li, and 25Mg were
900.602, 288.932, 132.531, and 55.137 MHz, respectively.
LiH of 95% purity and MgB2 of 98% purity were pur-
chased from Alfa Aesar and used as received. The LiH and
MgB2 mixture with a molar ratio of 1:1/2 was subjected to
high-energy ball milling, as previously described.29 The ball
milling times were 3 and 120 h, depending on the specific
experiment. Additional experimental details can be found in
supplemental material.
Figure 1 shows the ultrahigh field 11B MAS spectra. The
centerband peak position of LiBH4 is referenced as 0 ppm
and the corresponding half linewidth 1/2, defined as the
linewidth at the half peak height position, is 384 Hz. Note
that when referenced to the commonly used 1M NaBH4 in
aElectronic mail: jianzhi.hu@pnl.gov.
bElectronic mail: leon.shaw@uconn.edu.
FIG. 1. 11B MAS NMR spectra of a LiBH4, b MgB2, c LiH+MgB2
with 3 h ball milling, and d LiH+MgB2 with 120 h ball milling. The
spectra were obtained on about 5 mg of samples each with a 512, b 854,
c 414, and d 1979 scans and a recycle delay time of 1 s. Spinning rates
used were 16 kHz for a, c, and d, while 10 kHz for b. Peaks labeled
by “” are spinning sidebands.
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D2O, the centerband peak position for LiBH4 is at 43.2
ppm. However, in this work LiBH4 was also chosen as the
reference because of its relatively narrow linewidth and its
high sensitivity at the ultrahigh field. The centerband peak
position and 1/2 are 142.8 ppm and 1941 Hz for MgB2,
142.8 ppm and 1588 Hz for LiH+MgB2 with 3 h ball mill-
ing, and 142.8 ppm, and 5292 Hz for LiH+MgB2 with 120 h
ball milling, respectively. It is known32,33 that MgB2 has a
layered crystal structure where layers of boron are located
between layers of magnesium. Furthermore, Mg is ionized to
be Mg2+ so that MgB2 can be characterized by the ionic form
Mg2+B22−.
34,35 The similar 11B MAS centerband peak po-
sitions for the 3 and 120 h ball milled LiH+MgB2 spectra as
that of pure MgB2 indicate that the layered boron structure is
unchanged. The significantly increased centerband linewidth
5292 Hz for the 120 h milled sample suggests that the
particle size is dramatically decreased with a major portion
of the atoms exposed to the surface or grain boundaries,
consistent with x-ray diffraction XRD studies.29 However,
the centerband half linewidth, i.e., 1588 Hz, for the 3 h
milled LiH+MgB2 is less than that 1941 Hz of the pure
MgB2, which is presumably due to the mixing of the layered
aromaticlike structure of MgB2 and the nonlayered structure
of LiH. The layered structure of boron in MgB2, such as
graphite, leads to delocalized electrons and introduces the
anisotropic bulk magnetic susceptibility that cannot be elimi-
nated completely by MAS.36 The line broadening effect due
to the anisotropic magnetic susceptibility in a MAS spectrum
is larger when the size of the layered structure is larger. Thus,
by diluting the MgB2 powder with another material contain-
ing no layered structure such as LiH would improve the
spectral resolution in a way similar to that previously re-
ported in the study of hexamethyl benzene.36 Finally, the
expanded insets in Figs. 1c and 1d indicate that there is
no LiBH4 formed in the 3 h milled mixture, but there is a
small trace less than 1% of LiBH4 observed in the 120 h
milled LiH+MgB2 sample.
Figure 2a summarizes the ultrahigh field 6Li MAS
spectra. The peak for LiBH4 is located at 1.29 ppm with a
half linewidth of about 47 Hz Fig. 2a i. It has been
reported previously that at 21.1T field, the peak correspond-
ing to the solid LiH is located at about 2.76 ppm.31 Two
major peaks are observed for the 3 h milled mixture Fig.
2a ii. The 2.76 ppm peak is assigned to LiH, while the 0
ppm peak has a chemical shift similar to that of
LiOH·H2O.31 However, the 0 ppm peak in Fig. 2a cannot
be assigned to LiOH·H2O because the formation of
LiOH·H2O would completely block the reversibility of reac-
tion 1. The significantly enhanced hydrogenation and dehy-
drogenation associated with the ball milled LiH+MgB2 Ref.
29 unambiguously indicate that this 0 ppm 6Li peak must be
an intermediate. Furthermore, the lithium associated with
this intermediate must be in an ionic state because the peak is
at 0 ppm.
To further clarify the nature of the intermediate, 25Mg
MAS experiments have been carried out Fig. 2b. For the
3 h milled sample, the 26 ppm peak is due to MgO as evi-
denced by the spectrum acquired on bulk MgO given in Fig.
2b i. The broad 15 ppm peak has the same chemical
shift as that of MgH2 Fig. 2b ii and thus assigned to
MgH2. The major peak at 251 ppm with similar half line-
width as that of bulk MgB2 indicates that the short range
structure of MgB2 is largely unchanged after 3 h of ball
milling. However, when the ball milling time is increased to
120 h Fig. 2b iii, two dramatic changes are observed.
The first is the significant increase in the intensity of the
MgH2 peak, and the second is the substantially increased
linewidth 1/2 of 3600 Hz associated with both MgB2
and MgH2 peaks. This large linewidth, about a factor of 6
times that of bulk MgB2, suggests that both the remaining
MgB2 and the MgH2 formed after long-time ball milling are
mainly amorphous structures. A rough estimate of the inte-
grated spectral intensities in Fig. 2b iii indicates that ap-
proximately 50% of MgB2 is converted to MgH2.
Given the fact that the basic boron structure is un-
changed, the 6Li and 25Mg NMR results clearly indicate a
partial ion exchange mechanism induced by long-time ball
milling. A model is proposed and illustrated in Fig. 3. Ini-
tially, all the magnesium atoms are located between the bo-
ron layers and each is along the central symmetric axis of the
boron hexagonal structure Fig. 3a. After long-time ball
milling, a significant number of magnesium sites are ex-
changed with lithium Fig. 3b to form a compound with a
composition of Mg1−xLi2xB2 to maintain the charge bal-
ance. Each expelled magnesium combines with two protons
FIG. 2. a 6Li MAS NMR spectra: i LiBH4, ii LiH+MgB2 with 3 h ball
milling, iii LiH+MgB2 with 120 h ball milling. b 25Mg MAS NMR
spectra: i MgO, ii MgH2, iii LiH+MgB2 with 120 h ball milling, iv
LiH+MgB2 with 3 h ball milling, and v MgB2. All the spectra were ob-
tained on about 5 mg of samples each using a sample spinning rate of 16
kHz with i 16, ii 128, and iii 128 scans and a recycle delay time of 70
s for a samples and i 3800, ii 240 000, iii 83 000, iv 200 000, and
v 30 000 scans and a recycle delay time of 0.2 s for b samples.
FIG. 3. Color online Proposed structure changes a before and b after
long-time ball milling.
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from LiH to form MgH2. The formed MgH2 is located at the
immediate surface of the Mg1−xLi2xB2 structure and in a
highly amorphous state. This partial ion exchange mecha-
nism can be described by
2LiH + MgB2 →
ball milling
Mg1−xLi2xB2 + xMgH2
+ 2 − 2xLiH, 2
where x is a variable changing from 0 for MgB2 to less than
1, depending on the time of ball milling. The model proposed
is consistent with the previous XRD analysis29 showing the
absence of MgH2 after 120 h ball milling because of the
amorphous state of MgH2. This model is also in good accor-
dance with the Fourier transform infrared analysis, showing
little LiBH4 formation, as defined by reaction 2 see
supplemental material.
The formation of the compound Mg1−xLi2xB2 is likely
the key reason for the observed enhancement in the subse-
quent solid-state hydrogenation.29 Although the detail of hy-
drogenation mechanism remains to be studied, one possible
reaction pathway is the continued Mg–Li ion exchange
within Mg1−xLi2xB2 and simultaneous hydrogenation of
Mg1−xLi2xB2. It is noted that the extreme case of the con-
tinued Mg–Li ion exchange is the formation of the LiB crys-
tal. LiB has been observed experimentally.37 Furthermore,
the first-principles calculations reveal that Li is in the state of
Li+ ion in LiB Ref. 38 and stabilizes the hexagonal layers
of boron in LiB.39 Therefore, gradual transition from MgB2
to LiB through the intermediate Mg1−xLi2xB2 will involve
no change in the hexagonal layers of boron and no charge
unbalance. Although pure LiB may not form during the sub-
sequent hydrogenation because of the simultaneous Mg–Li
ion exchange and hydrogenation of Mg1−xLi2xB2, the for-
mation of Li-rich Mg1−xLi2xB2 compound is expected to
facilitate the formation of LiBH4 because the removal of Mg
from MgB2 is necessary for the formation of LiBH4.
In summary, the discovery made in this study under-
scores the importance of nanoengineering in that nanoscale
particles are necessary to reduce the diffusion distance,
thereby enhancing the Mg–Li ion exchange process as well
as the subsequent hydriding reaction. Mechanical activation
is important too because it introduces a large number of de-
fects to crystals and thus increases the diffusion rate. This
discovery also offers a scientific foundation for investigating
the detailed mechanisms of solid-state hydrogenation and de-
hydrogenation of the LiBH4+MgH2 system in the near fu-
ture.
The research was sponsored by the U.S. Department of
Energy under the Contract No. DE-FC36-05GO15008 with
Dr. Ned T. Stetson as the Technology Manager. The NMR
experiments were performed in the Environmental Molecular
Sciences Laboratory, a national scientific user facility spon-
sored by the DOE Office of Biological and Environmental
Research, and located at the Pacific Northwest National
Laboratory, USA.
1L. Schlapbach and A. Zuttel, Nature London 414, 353 2001.
2J. Soulie, G. Renaudin, R. Cerny, and K. Yvon, J. Alloys Compd. 346,
200 2002.
3A. Zuttel, P. Wenger, S. Rentsch, P. Sudan, Ph. Mauron, and Ch. Emme-
negger, J. Power Sources 118, 1 2003.
4A. Zuttel, S. Rentsch, P. Fischer, P. Wenger, P. Sudan, Ph. Mauron, and
Ch. Emmenegger, J. Alloys Compd. 356–357, 515 2003.
5G. P. Meisner, M. L. Scullin, M. P. Balogh, F. E. Pinkerton, and M. S.
Meyer, J. Phys. Chem. B 110, 4186 2006.
6J. J. Vajo, T. T. Salguero, A. F. Gross, S. L. Skeith, and G. L. Olson, J.
Alloys Compd. 446–447, 409 2007.
7J. J. Vajo, S. L. Skeith, and F. Mertens, J. Phys. Chem. B 109, 3719
2005.
8X. B. Yu, D. M. Grant, and G. S. Walker, Chem. Commun. Cambridge
2006, 3906.
9J. Kostka, W. Lohstroh, M. Fichtner, and H. Hahn, J. Phys. Chem. C 111,
14026 2007.
10J. J. Vajo and G. L. Olson, Scr. Mater. 56, 829 2007.
11A. F. Gross, J. J. Vajo, S. L. Van Atta, and G. L. Olson, J. Phys. Chem. C
112, 5651 2008.
12X. B. Yu, Z. Wu, Q. R. Chen, Z. L. Li, B. C. Weng, and T. S. Huang, Appl.
Phys. Lett. 90, 034106 2007.
13Y. Zhang, W.-S. Zhang, A.-Q. Wang, L.-X. Sun, M.-Q. Fan, H.-L. Chu,
J.-C. Sun, and T. Zhang, Int. J. Hydrogen Energy 32, 3976 2007.
14A. Zuttel, A. Borgschulte, and S.-i. Orimo, Scr. Mater. 56, 823 2007.
15Y. Nakamori and S.-i. Orimo, J. Alloys Compd. 370, 271 2004.
16K. Miwa, N. Ohba, S.-i. Towata, Y. Nakamori, and S.-i. Orimo, Phys. Rev.
B 69, 245120 2004.
17S. Orimo, Y. Nakamori, and A. Zuttel, Mater. Sci. Eng., B 108, 51 2004.
18K. Miwa, N. Ohba, S.-i. Towata, Y. Nakamori, and S.-i. Orimo, J. Alloys
Compd. 404–406, 140 2005.
19Y. Nakamori, K. Miwa, A. Ninomiya, H. Li, N. Ohba, S.-i. Towata, A.
Zuttel, and S.-i. Orimo, Phys. Rev. B 74, 045126 2006.
20S.-i. Orimo, Y. Nakamori, G. Kitahara, K. Miwa, N. Ohba, S.-i. Towata,
and A. Zuttel, J. Alloys Compd. 404–406, 427 2005.
21J. J. Vajo, S. L. Skeith, F. Mertens, and S. W. Jorgensen, J. Alloys Compd.
390, 55 2005.
22Y. Nakamori, A. Ninomiya, G. Kitahara, M. Aoki, T. Noritake, K. Miwa,
Y. Kojima, and S.-i. Orimo, J. Power Sources 155, 447 2006.
23M. Au and A. Jurgensen, J. Phys. Chem. B 110, 7062 2006.
24M. Au, A. Jurgensen, and K. Zeigler, J. Phys. Chem. B 110, 26482
2006.
25J. Yang, A. Sudik, and C. Wolverton, J. Phys. Chem. C 111, 19134 2007.
26F. E. Pinkerton, M. S. Meyer, G. P. Meisner, M. P. Balogh, and J. J. Vajo,
J. Phys. Chem. C 111, 12881 2007.
27T. Nakagawa, T. Ichikawa, N. Hanada, Y. Kojima, and H. Fujii, J. Alloys
Compd. 446–447, 306 2007.
28D. J. Siegel, C. Wolverton, and V. Ozolins, Phys. Rev. B 76, 134102
2007.
29X. Wan, T. Markmaitree, W. Osborn, and L. Shaw, J. Phys. Chem. C 112,
18232 2008.
30Z. Gan, P. Gor’kov, T. A. Cross, A. Samoson, and D. Massiot, J. Am.
Chem. Soc. 124, 5634 2002.
31J. Z. Hu, J. H. Kwak, Z. G. Yang, W. Osborn, T. Markmaitree, and L.
Shaw, J. Power Sources 182, 278 2008.
32G. Barkhordarian, T. R. Jensen, S. Doppiu, U. Bsenberg, A. Borgschulte,
R. Gremaud, Y. Cerenius, M. Dornheim, T. Klassen, and R. Bormann, J.
Phys. Chem. C 112, 2743 2008.
33E. D. Jemmis and E. G. Jayasree, Acc. Chem. Res. 36, 816 2003.
34J. M. An and W. E. Pickett, Phys. Rev. Lett. 86, 4366 2001.
35J. Kortus, I. I. Mazin, K. D. Belashchenko, V. P. Antropov, and L. L.
Boyer, Phys. Rev. Lett. 86, 4656 2001.
36D. L. VanderHart, W. L. Earl, and A. N. Garroway, J. Magn. Reson.
1969-1992 44, 361 1981.
37H. B. Borgstedt and C. Guminski, J. Phase Equilib. 24, 572 2003.
38Z. J. Liu, X. H. Qu, and B. Y. Huang, Acta Metall. Sin. 37, 340 2001.
39A. N. Kolmogorov and S. Stefano Curtarolo, Phys. Rev. B 74, 224507
2006.
141905-3 Hu et al. Appl. Phys. Lett. 94, 141905 2009
 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:
114.70.7.203 On: Mon, 20 Jul 2015 07:09:07
